Abstract The distribution, abundance, and habitat preferences of the spinyhead blenny, Acanthemblemaria spinosa (Perciformes, Blennioidei, Chaenopsidae), were studied on coral reefs along the leeward side of Curaçao, southern Caribbean. The blennies inhabited small holes inside coral, which predominantly consisted of calcareous tubes constructed by coralassociated serpulid worms of the species Spirobranchus giganteus. About 50 % of the fish inhabited holes in dead coral, and the rest had their holes in live corals of eight species. The fishes showed a clustered distribution pattern and their abundance was higher at shallow depths (5 and 10 m) than at 15 m. Although males generally had a larger body size than females and needed larger holes for shelter and guarding eggs, no sexual dominance in hole selection was found. The position of the holes varied in elevation height above the reef floor, which showed a positive correlation with fish size.
Introduction
Cryptobenthic fishes are usually the most diverse and abundant component of reef fish fauna, but they are easily overlooked because of their small sizes and hidden lifestyles (Munday and Jones 1998; Ahmadia et al. 2012a) . Their high abundance suggests that they play an important role in the food webs on coral reefs (Wilson 2001; Depczunski and Bellwood 2003) . Distribution patterns of such small reef fishes depend on various environmental factors, such as the availability of food and shelter, and depth preferences (Williams 1991; Zikova et al. 2011; Ahmadia et al. 2012a, b; Dalben and Floeter 2012; Harborne et al. 2012; Goatley et al. 2016; Tornabene et al. 2016) .
Chaenopsid blennies are small-bodied reef fish that reside in shelter holes, usually cavities created by invertebrates that either deposit a calcium carbonate structure on the coral surface or excavate a pit in the coral matrix (Clarke and Tyler 2003) . The genus Acanthemblemaria (Chaenopsidae) is represented by 11 known species in the western Atlantic Ocean (Williams 2002; Bailly 2015) . Within this genus, the reefdwelling spinyhead blenny (A. spinosa Metzelaar, 1919 ) is the most widespread and common species in the Caribbean, from the Bahamas to Curaçao (Smith-Vaniz and Palacio 1974) . Its demersal eggs are laid deep inside the male's shelter hole, which are guarded by the male until they hatch into planktonic larvae (Clarke and Tyler 2003) . The availability of such holes is a limiting resource for blenny abundance and, therefore, larger blennies dominate smaller ones for access to such holes as long as they can fit inside, which is relevant in both intraspecific and interspecific competition for space (Greenfield and Greenfield 1982; Lindquist 1985; Buchheim and Hixon 1992; Patzner 1999; Wilson et al. 2013) .
Spinyhead blennies primarily feed on planktonic calanoid copepods by darting out of their holes (Clarke 1999) . In this way, they depend much on food supply through the ambient
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water flow (Clarke et al. 2005 Finelli et al. 2009 ). The holes can be used to ambush prey since the planktonic copepods are known to show escape reactions during the approach of A. spinosa individuals (Waggett and Buskey 2007) . Previous studies have shown that these copepods are denser at 1 m above the reef surface than at 0.2 m (Clarke 1999) . Consequently, spinyheads in high locations eat more, grow faster, and have a higher fecundity compared to those at low locations (Clarke 1992) .
To satisfy the energy requirements of A. spinosa, the availability of calanoid and cyclopoid copepods should be high (Clarke 1999) . Another factor influencing its distribution is the availability of shelter holes (Wilson et al. 2013) . Since these fish depend on excavating invertebrates and tube builders to create shelter holes, the distribution and abundance of these invertebrates will influence A. spinosa distribution patterns as well (Luckhurst and Luckhurst 1978) .
Deep, solid tubes are preferred by females for the deposition of their eggs, such as limestone tubes deposited by Christmas tree worms, Spirobranchus giganteus (Pallas, 1766), which are very common in the Caribbean and can be found in association with a large range of host corals (Hunte et al. 1990; Hoeksema et al. 2015; Hoeksema and Ten Hove 2016) . Therefore, presumably, host coral identity, various shelter-hole properties, depth, and substrate types determine the large-scale distribution of spinyhead blennies, which, on the other hand, may also display small-scale distribution patterns because host coral colonies vary greatly in shape. Stony corals can be microhabitat to a large variety of other animals, including fish, which use their host for shelter, substrate, or food (Stella et al. 2011; Ahmadia et al. 2012b; Hoeksema and Farenzena 2012; Hoeksema et al. , 2013a Coni et al. 2013; Gittenberger and Hoeksema 2013; Tornabene et al. 2013 ; Van der Meij and Hoeksema 2013; Bos and Hoeksema 2015; Head et al. 2015; Montano et al. 2015; Van der Meij et al. 2015; Goatley et al. 2016; references herein) .
In the present study, large-and small-scale distribution is determined as the distribution over coral heads and the distribution within coral heads, respectively. Cheanopsid blennies in particular are suitable for the study of small-scale distribution as they occupy shelter holes in the reef, and thereby occupy a permanent point in space (Greenfield and Greenfield 1982; Clarke 1994) . Both male and female spinyhead blennies are expected to be found in such a manner that predation is minimized and food availability is maximized (Clarke and Tyler 2003) . In addition, body size in relation to shelter-hole size and distance to the nearest neighbor may influence the small-scale distribution of A. spinosa. Since males constitute the nestguarding gender, they have to dispose suitable shelter holes that attract females for egg deposition. For these reasons it is hypothesized that the sex of the nearest neighbour, shelter-hole size, and location of the shelter hole may result in differentiation in smallscale distribution among male and female spinyhead blennies.
The assessment of distribution and habitat preferences of spinyhead blennies in the present study provides information on both large-and small-scale characteristics determining their distribution, which will contribute to a better understanding of the role of cryptobenthic fish on coral reefs.
Materials and methods

Study area
This study consists of two parts: 1. A large-scale survey in which the distribution patterns and habitat preferences of Acanthemblemaria spinosa are investigated on reefs at the leeward side of Curaçao; 2. Small-scale monitoring in which the distribution patterns of A. spinosa individuals are documented within four coral colonies, which were selected for their high occupancy of blennies.
Curaçao is situated in the southern Caribbean, off the north coast of Venezuela. It is ca. 60 km long and it has a total land surface area of 444 km 2 . The climate on Curaçao can be described as semi-arid, and seawater temperature around the island varies around 27°C. The island is surrounded by fringing reefs and is known for its steep drop-offs, which are generally close to the shoreline (Bak 1975; Van Duyl 1985) .
Visual census was conducted along the southern leeward coast of the island at four different locations, which were more or less evenly distributed along the coastline: (1) Playa Kalki (12°22′29.6″N 69°09′28.1″W), (2) Daaibooi (12°12′43.2″N 69°05′05.7″W), (3) Aqualectra (12°06′33.3″N 68°57′15.3″ W), and (4) Director's Bay (12°03′57.5″N 68°51′36.0″W) (Fig. 1) . For detailed information, see Van Duyl (1985) . At each site, census was taken for belt quadrats of 20 × 1m 2 by swimming along a 20 m long measuring tape (transect line) at 5, 10, and 15 m depth. Site 1 is situated at the western end of the south side of the island where the bottom is mostly sandy. The slope of the reef was very moderate, and rugosity of the reef was much higher compared to the other locations. Transects at all three depths could be deployed on a gently declining slope.
Curaçao
Site 2 is located further east and has a narrow beach flanked by steep coastal cliffs. The drop-off at this location starts approximately 30 m from the shore at approximately 10 m depth. Therefore, transects at 5 m were set out close to the coastal cliff due to the infrequent occurrence of coral on the sandy bottom.
Site 3 is situated west of Willemstad behind a water/power plant called Aqualectra. At this location, the reef is characterized by a rocky bottom and a moderately declining slope. Transects at 5 m depth were deployed on the reef flat, whereas the transects at 10 and 15 m depth were deployed on the slope.
Site 4 is located near the eastern end of the island and is characterized by a nearshore steep reef slope starting at approximately 6 m depth. At this location the transect lines at both 10 and 15 m were set out on a steep slope with high live coral cover.
For the second part of this study (small-scale distribution patterns) a fifth site was chosen at Piscadera Bay ( Fig. 1 ), in front of the CARMABI research station. This location was characterized by a shallow reef flat (approximately 4 m deep), with a high cover of coral heads occupied by tube blennies.
Data collection
Data collecting was done in February-March 2015, at 5-15 m depth by use of SCUBA. The duration of each dive lasted 60-80 min. Transects were set out by laying a measuring tape on the sea floor. Typically, census could be taken in one dive for three 20 × 1 m 2 quadrats per depth. The number of quadrats (total n = 125) varied between localities due to differences in blenny density (Fig. 2) . Blennies encountered during the large-scale study were identified to species level, their host corals were identified and their shelter-hole type was determined. Shelter-hole type was called Bworm tube^and otherwise Bunknown^if its origin was unknown. For each blenny, a note was made whether it inhabited live or dead coral, and measurements were made of its outer hole diameter, the hole's elevation height (distance from reef floor), the distance to its nearest neighbour (Fig. 3b) , and its position along the transect line. The shelter-hole diameter was measured by using a calliper. Height above the reef floor, transect position, and distance to nearest neighbour were measured using a measuring tape with accuracies of 5, 5, and 1 cm, respectively. Host corals that could not be identified in situ were photographed and identified afterwards with the help of a field guide (Humann and Deloach 2013) . Photographs were taken with an Olympus Tough TG-2 underwater camera in an Olympus PT-053 underwater housing. All findings were noted by use of a pencil and a plastic slate.
For the second part of this study (small-scale at Site 5), four coral heads were selected at approximately 5 m depth. The size of each coral head was measured, and the number of blennies inhabiting it was counted. Per blenny a coordinate was given and the elevation above the reef floor was measured. In this way, the exact position of each blenny on its host coral head was documented. Afterwards, the hole diameter and hole type were determined in the same manner as described before. The fish (n = 62) were individually caught by squirting a harmless anaesthetic (a dilute solution of quinaldine sulfate) into their shelter holes and holding a plastic vial over its opening (Baldwin et al. 1996) . All captured fish were brought to the laboratory and stored in vials with a 70 % alcohol solution. Their body length (BL) was measured with a calliper (accuracy 1 mm), and their sex was determined under a dissecting microscope by looking for the presence of fingerlike papilla posterior to the anus only known from females.
Data analysis
Statistical analyses were carried out with R. General linear models (GLM-ANOVA) were conducted to test for differences in fish abundance at various depths and locations. Error structure of the test was quasi-Poisson in order to correct for overdispersion. ANOVA tests were used to test the differences between males and females for shelter-hole diameter, elevation above the reef surface, body size, and sex of the nearest neighbor. A linear model was used to test the correlation between body length and elevation above the reef surface. The Clark-Evans Nearest Neighbor Analysis was used to calculate the distribution pattern of A. spinosa on the reef in order to determine whether their distribution was even, random, or clustered (Clark and Evans 1954) . 
Results
Large-scale habitat variation
All Acanthemblemaria spinosa individuals were found inhabiting holes inside hard, stony substrates (Fig. 3) . Slightly more than a half (52 %) of the observed A. spinosa individuals (n = 986) resided in dead coral (Fig. 3c) and 48 % inhabited live stony coral (Fig. 3a, b, d, Among 852 observed shelter holes, 42 % could be clearly recognized as serpulid tubes and 58 % as holes of other (usually unclear) origin. This difference is significant (χ 2 = 10.924, p < 0.001). The average shelter-hole diameter was 5.4 mm within a range of 3-9 mm (n = 986). Average elevation of the holes above the reef floor was 44 cm within a range of 0-170 cm.
Bathymetrical distribution
Among the abundances of Acanthemblemaria spinosa measured at 5, 10, and 15 m depths of all sites pooled together, no significant difference in mean number of fish was observed between 5 and 10 m (p = 0.327) (Fig. 2a) . The average number of A. spinosa at 5 m depth was around 12 individuals per 20-m 2 quadrat, and at 10 m depth this number was around 10. The mean density at 15 m depth was approximately two individuals per quadrat, which is significantly lower than at both other depths (p < 0.0001; Fig. 2a) . Similar results were seen at Sites 2-4 ( Fig. 2c-e) , whereas at Site 1 the mean number of individuals per quadrat differed significantly among all three depths (Fig. 2b) . At Site 4 the density of A. spinosa individuals was slightly higher at 10 m than at 5 m (not significant), whereas the quadrat at 15 m depth shows a significant lower density (Fig. 2e) . Sites 1-3 show a gradually decline in blenny density with depth ( Fig. 2b-d) .
Abundance per locality
Site 1 showed a mean number of ca. four A. spinosa fishes per quadrat, whereas Sites 2-4 showed mean numbers of approximately 8-15 (Fig. 4) , with p-values 0.002, < 0.001, < 0.001, and 0.002, respectively (post hoc Tukey test in R). There was no clear gradient along the coastline since Site 1 is the northernmost location, whereas the next location, Site 2, had a maximum mean number of almost 15 fish per quadrat.
Nearest neigbours across colonies
The average nearest-neighbour distance was 32.8 cm. This was calculated from measurements taken from 338 fish counted in a total of 32 quadrats. From this a density of 53.8 10 −6 fish cm −2 was calculated, which would result in an expected nearest-neighbour distance of 68.8 cm in a hypothetical randomly distributed population. A relatively low R-value of 0.476 was calculated from the Clarke-Evans nearest-neighbour analysis based on the ratio of observed and expected values. This value is < 1, suggesting that the distribution pattern of A. spinosa was clustered. The corresponding standard error of the mean distance to nearest neighbour in a randomly distributed population with density rho (σrE) is 1.9. This means that the probable range of distance to nearest neighbour in a randomly distributed population lies between 66.9 and 70.8 cm. The average distance to nearest neighbour that was measured during this study does not lie within this range and thus it can be assumed with certainty that the distribution pattern of A. spinosa is clustered. The calculated values are summarized in Online Resource 1: Table 1 .
Sexual differences in habitat preferences
The mean diameter of shelter holes was slightly smaller for females (5.7 mm) than for males (6.1 mm), but this difference was not significant (p = 0.068; Fig. 5a ). The difference in mean elevation above the reef bottom is too small to be significant (p = 0.866; Fig. 5b ), 19.3 cm for females and 19.7 cm for males. The highest recorded individual was a male observed at 46 cm height. The coral heads used for this part of the study had a maximum elevation above the reef surface ranging from 35 to 65 cm. The body length of the fish ranged between 11 and 20 mm. The mean body length of females (16.3 mm) was less than for males (17.2 mm), but this difference was not significant (p = 0.058; Fig. 5c ).
Correlation between fish length and shelter elevation A significant positive correlation was found between body length of the fish and elevation height above the reef bottom (p < 0.0001; r 2 = 0.2881; Fig. 6 ). This result suggests that larger fish occupy holes that are located higher up on the coral heads. However, the r 2 -value is low, meaning that only a small proportion of the variation in height above the reef is explained by the body length. A log-transformation was performed because there was no homogeneity of variance in the original data.
In a separate observation, a blenny was found occupying a tube of a Spirobranchus worm that was removed 2 days in advance. The worm tube was situated more than 1.5 m high on a pillar of a jetty at Site 5 (Fig. 3f) .
Nearest neighbours within one coral colony
The average nearest-neighbour distance at small scale was 8.5 cm. This was calculated from measurements of 62 fish with a density of 24.7 10 −2 fish m −2
. The expected distance to nearest neighbour in a randomly distributed population was calculated to be 10.1 cm. An R-value of 0.841 was calculated with the Clarke-Evans nearest-neighbour analysis. As well as the large-scale distribution, the outcome of the analysis indicates that A. spinosa showed a clustered distribution at small scale. The probable distance of nearest neighbour in a randomly distributed population ranges from 9.4 to 10.7 cm (σrE = 0.67). Variables of the analysis are summarized in Online Resource 1: Table 2 .
Gender of nearest neighbour
Gender of the nearest neighbour did not influence the distance to this neighbour. Among all three possible combinations (Female-Female, Male-Female, Male-Male), there was no significant difference in the mean distance to nearest neighbour (ANOVA, p = 0.59; Fig. 7) . Thus, it did not matter whether the nearest neighbour was of the same or the other sex.
Discussion
Cryptobenthic fish fauna appears to show a general preference for dead coral (Harborne et al. 2012) . About half of all spinyhead blennies encountered during this study occurred in dead coral and the other half in live coral. It is unknown whether suitable holes were more or less abundant in dead coral than in live coral because they were difficult to count. Unoccupied holes in dead coral may get overgrown by other organisms, whereas those in live coral may become closed by coral regeneration.
Previous studies in Belize documented spinyhead blennies residing in dead Acropora palmata (Clarke 1989 (Clarke , 1994 Clarke and Tyler 2003) . Like elsewhere in the Caribbean, A. palmata abundance in Curaçao has drastically declined in recent decades (Nagelkerken and Nagelkerken 2004; Chamberland et al. 2015) , but it is unknown how much of the dead A. palmata has remained. In the absence of dead A. palmata corals, spinyhead blennies have no other option than to select other corals as habitat. Curaçao has undergone much reef degradation over the recent decades and dead coral is abundantly present here (Vermeij 2012). A fifth of A. spinosa's diet consists of benthic, harpacticoid copepods (Clarke 1999) , which are more abundant on dead coral than on live coral (Kramer et al. 2014) and this may explain why many spinyhead blennies reside in dead coral.
A. spinosa feeds primarily on planktonic calanoid and cyclopoid copepods, which have denser swarms at 1 m above the substrate than at 0.2 m height (Clarke 1999) . This agrees with the present finding of a low number of spinyhead blennies in coral species that remain close to the substrate, such as Porites astroides and Agaricia agaricites, and a high number of individuals in corals that grow higher above the substrate (e.g., Orbicella annularis, O. faveolata, and Diploria strigosa). This also explains the high average of elevation above the reef bottom of 44.4 cm and why A. palmata with its long upward-reaching branches makes an ideal host (Clarke 1996; Clarke and Tyler 2003) .
The proportion of A. spinosa occupying serpulid tubes is very high, especially considering that this type of hole in dead coral type is difficult to recognize (Fig. 3c) . This observation is consistent with results of earlier studies (Luckhurst and Luckhurst 1978; Clarke 1989) . This preference can be explained when the size and shape of the worm holes are considered. Spinyhead blennies can have a body length of 2.5 cm (Smith-Vaniz and Palacio 1974) . They should be able to retract completely inside the hole for shelter danger, but also to quickly dart out for feeding (Fig. 3d) , for which they need holes that loosely fit to their size (Fig. 3f) . Males prefer relatively larger shelter holes than females because they also need space for guarding eggs (Clarke and Tyler 2003) . Serpulid tubes are suitable for this goal (Clarke and Tyler 2003) and are abundantly available in Curaçao (Luckhurst and Luckhurst 1978 ; Fig. 3 ). An average diameter of 5.4 mm is indeed slightly larger than the size of the fish, which may be most suitable for optimal protection and manoeuvrability.
Blenny abundance on the reef slope at 15 m depth is lower than in the shallower reef zones, which may be related to a decreasing gradient in prey abundance from shallow to deep, as seen in planktonic copepods (Yamaguchi et al. 2015) . Since there is no significant difference in blenny abundance between 5 and 10 m depth, food availability may not be restricted at 10 m. Shelter-hole availability may also play an important role in the bathymetrical distribution of blennies, depending on the depth range and density of worms and other invertebrates constructing their shelter holes.
The large-scale clustered distribution pattern of A. spinosa, as indicated by the nearest neighbour analysis, may depend on two factors. 1. The presence of shelter holes in live and dead coral may be restrictive, but during the present study empty holes were also observed. Since the holes are present in corals that form patches of coral cover over the reef bottom, the available coral surface area with holes is not evenly distributed over the reef, which may explain a clustered distribution pattern of the blennies at large scale. 2. There may also be a possible tendency in the behaviour of A. spinosa to form aggregations, but this possibility should be tested with the help of experiments in which a variable number of holes with varying sizes is offered to the fish. Perhaps spinyhead blennies are not good long-distance swimmers since experiments showed that some individuals transplanted over distances > 5 m were not able to return to their own hole, and those released over > 20 m not at all (Buchheim and Hixon 1992) . For mating, the distance between males and females can be restrictive. Therefore, a mixed assemblage can be most advantageous, while stochastically it is also the most obvious pattern.
On a small scale, A. spinosa also shows a clustered distribution pattern. Here, the sample size was much smaller, the fish density about 45 times higher, and the distance to nearest neighbour almost a fourth of the distance at large scale. The small-scale data are based on measurements from four coral colonies that were selected for their high occupancy of Mean distance to nearest neigbour (cm) blennies. The R-value was almost double that of the largescale study. For such a small sample size it is important to know the true density of the population, which requires a complete census (Clark and Evans 1954) . Since the density within a selected sample was used and the R-value approached 1, the distribution pattern of A. spinosa at small scale appeared to be slightly clustered, but close to random. Nevertheless, valuable information on the gender distribution on the coral heads could be obtained since no difference was found in the distribution patterns of males and females. Both sexes show no preference for having a neighbour of the other sex or the same sex. There is also no difference in elevation height between the sexes, as previously found elsewhere (Clarke and Tyler 2003) . Hence, gender is not a defining factor in the small-scale distribution pattern of A. spinosa. In the present study shelter holes occupied by males were slightly (4 mm) wider than those for females, which would make sense because of the egg care of males. However, this difference was not significant, but nearly so, which could have been altered with larger sample sizes.
Body length appears to be positively correlated with elevation height above the reef surface. This supports the hypothesis that shelter holes higher above the reef bottom are preferred and suggests that larger individuals are dominant over smaller ones in the competition for shelter holes. However, the variation in the height above the reef is only partially explained by body length and, therefore, there may be additional factors regulating height distribution of A. spinosa, such as the size of the available holes.
All data in this study point to a clustered distribution pattern of A. spinosa on the reef where host coral species, dead coral cover, shelter-hole availability, shelter-hole size, depth, elevation above the reef surface, and body length affect the distribution of the species, apparently independent of gender.
